) influx and phosphatidylserine (PS) exposure on the outer leaflet of the plasma membrane preceded loss of PM integrity. Activation of MLKL results in the generation of broken, PM ''bubbles'' with exposed PS that are released from the surface of the otherwise intact cell. The ESCRT-III machinery is required for formation of these bubbles and acts to sustain survival of the cell when MLKL activation is limited or reversed. Under conditions of necroptotic cell death, ESCRT-III controls the duration of plasma membrane integrity. As a consequence of the action of ESCRT-III, cells undergoing necroptosis can express chemokines and other regulatory molecules and promote antigenic cross-priming of CD8 + T cells.
INTRODUCTION
Necroptosis is a form of regulated necrosis, mediated by the action of a pseudokinase, mixed lineage kinase-like (MLKL), acting at the plasma membrane to induce membrane disruption (Zhang et al., 2016) . MLKL is activated by phosphorylation of key residues within what would be the activation loop of a conventional kinase, and this is mediated by receptor-interacting kinase-3 (RIPK3). RIPK3 itself is activated by oligomerization via its RIP-homology-interacting motif (RHIM), also present on TRIF (engaged by TLR signaling), the intracellular sensor DAI (engaged by DNA viruses), the interferon-induced protein kinase PKR, and RIPK1, in its active form (engaged by TNFR family receptors, including TNFR1; reviewed in Weinlich et al., 2017; Zhang et al., 2016) . RIPK1 also regulates RIPK3 activation and necroptosis in two ways: (1) in its inactive form, it can prevent RIPK3 activation, even when RIPK3 is engaged independently of RIPK1, an effect that can be seen upon addition of a RIPK1 inhibitor, such as necrostatin-1s (Nec-1s) (Degterev et al., 2013) , and (2) it recruits a complex of FADD, caspase-8, and c-FLIP L , which acts as a protease to destroy the RIPK3 complex (Weinlich and Green, 2014) . As a consequence, necroptosis is induced by a number of conditions, including TLR and TNFR ligation, provided FADD-caspase-8-FLIP activity is inhibited or disrupted (Vanden Berghe et al., 2016) .
RIPK3 can be generated as a fusion protein with the binding domain of , such that addition of a dimeric rapalog (dimerizer) triggers its activation irrespective of upstream signals. By adding two Fv regions (RIPK3-2Fv), dimerizer causes oligomerization, which can override the requirement for caspase inhibition (Orozco et al., 2014) . This allows coordinated and rapid activation of RIPK3 by the addition of dimerizer alone. MLKL is similarly activated by oligomerization (Quarato et al., 2016) , and therefore, a fusion protein of the N-terminal region of MLKL (residues 1-181) and Fv is lethal to cells upon addition of dimerizer (Quarato et al., 2016) . Both RIPK3-2Fv and human (h) MLKL 1-181 -2Fv were employed in the studies described herein. We found, through the use of these systems, that the activation of MLKL results in a rapid flux of Ca 2+ into the cell, which was quickly followed by lipid scrambling of the plasma membrane, such that phosphatidylserine (PS) was exposed on the cell surface prior to membrane disruption, and whereas PS exposure followed Ca 2+ influx, it was not dependent on Ca 2+ .
Imaging of this PS exposure revealed small ''bubbles'' of broken plasma membrane that were released from the cell surface. We found that the formation of these bubbles depended upon the function of ESCRT-III components and that ESCRT-III activity sustained the integrity of the plasma membrane following MLKL activation, delaying the onset of membrane permeabilization and death of the cell. As a consequence, cells dying by necroptosis have sufficient time to generate signals that affect surrounding cells. These include cytokines, chemokines, and those required for presentation of protein antigens by dendritic cells that engulf the dying cells, thereby activating CD8 + T cells. Further, we found that cells that exposed PS upon MLKL activation could be ''resuscitated'' and survive when MLKL activation was subsequently halted, and this required the function of -2Fv-NIH 3T3 cells treated with 100 nM B/B dimerizer (upper panels) or RIPK3-2Fv-NIH 3T3 cells treated with 20 ng/mL TNF-a plus 100 mM zVAD (TZ) (lower panels). Cells were stained with AnnV-APC and PI at the indicated time points.
ESCRT-III components. We also found that the influx of Ca 2+ appears to participate in this effect.
ESCRT proteins belong to several subgroups (ESCRT-I, -II, and -III) that function in endosomal trafficking, multivesicular body formation, scission of the plasma membrane, virus budding, and nuclear membrane assembly during cytokinesis (Christ et al., 2017) , and function in the repair of plasma membranes damaged by laser light (Jimenez et al., 2014) . Our findings suggest that membrane damage caused by the activity of MLKL during necroptosis is also repaired by the function of ESCRT-III, and thus, cells that harbor active MLKL can sustain survival if ESCRT is engaged.
RESULTS

Necroptotic Cells Expose Phosphatidylserine prior to Loss of Plasma Membrane Integrity
PS is localized to the inner leaflet of the plasma membrane of healthy cells by the action of lipid translocases (Leventis and Grinstein, 2010) . Because of the original descriptions of PS exposure during apoptosis, this has been represented as a hallmark of apoptotic cell death, and caspase-dependent mechanisms responsible for lipid scrambling have been described (Martin et al., 1995; Segawa et al., 2014; Suzuki et al., 2013) . We have found, however, that the exposure of PS prior to loss of plasma membrane integrity also occurs during necroptosis.
NIH 3T3 cells expressing dimerizable RIPK3 (RIPK3-2Fv) or the N-terminal region of human MLKL (hMLKL -2Fv) rapidly undergo necroptosis when exposed to dimerizer (Orozco et al., 2014; Quarato et al., 2016) . Using such cells, we found that, upon dimerizer (B/B) addition, cells rapidly became positive for annexin V (AnnV) staining prior to uptake of Sytox Green (Figure 1A) or propidium iodide (PI) ( Figure 1B ). This effect was also observed upon addition of tumor necrosis factor (TNF) plus the caspase inhibitor, zVAD-fmk (TZ) ( Figure 1B ). Silencing of MLKL prevented PS exposure upon activation of RIPK3 (Figure S1A) . Similarly, ablation of MLKL ( Figure S1B ) prevented PS exposure in NIH 3T3 cells in response to RIPK3 oligomerization or treatment with TZ or in HT-29 treated with TZ plus the Smac mimetic, Lcl-161 (TSZ) ( Figures 1C and 1D) . Therefore, the activation of MLKL causes lipid scrambling to expose PS. Consistent with these results, MFG-E8, another PS-binding protein, also labeled cells undergoing necroptosis ( Figures 1C and 1D ). This effect, unlike that observed during apoptosis, was not inhibited by caspase inhibitors ( Figure S1C ). Further, PS exposure during necroptosis was observed in cells lacking TMEM16F (Figure S1D) , necessary for PS exposure in response to Ca 2+ influx (Suzuki et al., 2010) . Similarly, PS exposure during necroptosis was observed in the absence of extracellular Ca , as measured by MFG-E8 staining, which does not require Ca 2+ for binding to PS (Dasgupta et al., 2006;  Figure S1E ).
To visualize AnnV binding to cells undergoing necroptosis, z stacked images were collected over time in cells expressing cytosolic mCherry. Strikingly, upon addition of B/B to 3T3 cells expressing RIPK3-2Fv or hMLKL 1-181 -2Fv, we observed a rapid generation of small ($0.5 mm) AnnV + bubbles that formed at the plasma membrane ( Figure 1E ; Movie S1). Similar AnnV + bubbles were observed in mouse embryonic fibroblasts (MEFs) (Figure S1F) and HT-29 ( Figure S1G ) cells treated with TSZ. It is noteworthy that the NIH 3T3 cells employed in these experiments lack endogenous RIPK3 ( Figure S2A ) and MLKL 1-181 does not bind RIPK3 (Xie et al., 2013) . Thus, the formation of bubbles upon oligomerization of MLKL 1-181 ( Figure 1E ; Movie S1) may be a direct consequence of active MLKL. The formation of plasma membrane bubbles upon RIPK3 activation was also observed by labeling the plasma membrane with DiIC 18 (3) (DiI) ( Figure S2B ). We found that MLKL was required for formation of these bubbles in response to RIPK3 oligomerization or treatment with TZ (Figures 2A and S2C) .
A minimum fragment of MLKL capable of causing plasma membrane disruption when dimerized, MLKL , translocates and associates with the plasma membrane upon activation (Quarato et al., 2016) . We utilized cells expressing MLKL 1-140 -2Fv-Venus to visualize the relationship between active MLKL and the generation of plasma membrane bubbles. Upon addition of B/B, MLKL 1-140 -2Fv associated with the plasma membrane ( Figure 2B ). Strikingly, AnnV + bubbles formed after MLKL membrane targeting and at sites at which MLKL accumulated at the membrane ( Figures 2B and 2C ). Taken together, these observations suggest that active MLKL functions to induce the formation of the plasma membrane bubbles. Unlike apoptotic bodies, these MLKL-induced bubbles appeared to be largely devoid of cytosolic content, as evidenced by the absence of cytosolic mCherry ( Figure 1E ; Movie S1), which we confirmed by electron microscopy ( Figure 2D ). Further, the bubbles were permeable to 10 kDa dextran-NH 2 ( Figure 2E ). These observations are consistent with the idea that the bubbles are comprised of broken membranes that are shed from the cell surface.
ESCRT-III Is Responsible for Formation of MLKLInduced AnnV + Bubbles
Active MLKL causes plasma membrane damage (Zhang et al., 2016) . Although plasma membrane damage repair is generally not associated with the formation and shedding of membrane bubbles (Andrews et al., 2014) , plasma membranes that are damaged by laser light can extrude broken membrane, a process that is dependent on the ESCRT-III complex components CHMP4B and VPS4 (Jimenez et al., 2014) . We therefore asked whether the formation of bubbles induced by active MLKL is a function of ESCRT-III.
(C) HT-29 cells (WT or Mlkl
) were treated with 50 ng/mL TNF-a, 10 mM Lcl-161, and 100 mM zVAD (TSZ) for the indicated times. PS exposure was assessed by AnnV-FITC and TO-PRO-3 or MFG-E8-FITC and TO-PRO-3 staining before analysis by flow cytometry. NIH 3T3 cells expressing RIPK3-2Fv or hMLKL 1-181 -2Fv were transiently transduced with GFP-CHMP4B and imaged following the addition of B/B. Strikingly, CHMP4B rapidly translocated to the plasma membrane upon activation of either RIPK3 or MLKL ( Figure 3A ; Movie S2) or upon treatment with TSZ (Figure S3A ; Movie S2). After translocation, CHMP4B co-localized with MLKL in puncta at the plasma membrane ( Figure 3B ) and at sites at which AnnV + bubbles formed (Figures 3C and 3D ; Movie S2). Further, this translocation of CHMP4B was dependent on MLKL, as it did not occur upon RIPK3 activation in mlkl À/À cells (Figures 3E and S3B ; Movie S2).
We noted, in cells that underwent plasma membrane permeabilization, that the puncta containing co-localized MLKL and CHMP4B remained associated with the membrane, whereas the cytosolic proteins were released (Movie S2). We therefore used flow cytometry to assess the persistence of these proteins following digitonin treatment of cells in which CHMP4B-mCherry was stably expressed ( Figure S3C ) and MLKL was activated. We observed that both MLKL 1-140 -2Fv-Venus and CHMP4B-mCherry sustained digitonin-resistant fluorescence following addition of B/B ( Figure S3D ). Therefore, active MLKL induces CHMP4B translocation to the PM. Similarly, CHMP4B-mCherry fluorescence was sustained in digitonin-treated cells in which RIPK3 had been activated and MLKL was present ( Figure S3E ). Using this system, we examined several ESCRT components for their potential roles in CHMP4B-mCherry stabilization following addition of B/B to cells expressing MLKL -Venus2Fv, as an indication of CHMP4B translocation. Of those tested, silencing of the ESCRT-I component TSG101 prevented CHMP4B translocation following MLKL activation ( Figure 3F ). Silencing of TSG101 had no effect on the sustained fluorescence by fluorescence-activated cell sorting (FACS) ( Figure 3F ) and plasma membrane localization (Figures S3F and S3G) of MLKL -Venus-2Fv following addition of B/B but prevented translocation of CHMP4B-mCherry to the plasma membrane (Figures S3F and S3G) .
To determine whether ESCRT-III functions in the formation of AnnV + bubbles following MLKL activation, we silenced the ESCRT-III components CHMP2A and CHMP4B. We found that the formation of plasma membrane bubbles following activation of RIPK3 or MLKL was dependent on the presence of these . Similarly, silencing of CHMP2A reduced the formation of AnnV + bubbles observed when HT-29 cells were treated with TSZ ( Figures  S4B and S4C ). During necroptosis, an influx of Ca 2+ has been described, although its role in necroptosis is controversial (Cai et al., 2014; Wang et al., 2014a) . Using the Ca 2+ sensor GCaMP3, we confirmed that an influx of Ca 2+ occurred following activation of MLKL, preceded the exposure of PS ( Figure S4D ; Movie S3), and was dependent on the presence of MLKL ( Figures  S4E-S4G ). Therefore, intracellular Ca 2+ is elevated upon MLKL activation (independently of RIPK3), prior to the recruitment of ESCRT-III for the formation of AnnV + bubbles. Although Ca
2+
was not required for PS exposure (Figures S1D and S1E), we found that extracellular Ca 2+ was required for the translocation of CHMP4B ( Figures S4H and S4I ) and for the formation of plasma membrane bubbles ( Figure S4I ).
ESCRT-III Antagonizes Necroptosis
ESCRT-III is required for cell viability, which is often ascribed to its roles in endosomal trafficking and mitosis (Christ et al., 2017) . Indeed, we found that silencing of CHMP2A in NIH 3T3 cells induced approximately 20% cell death (Figures 4A and 4B) that was blocked by expression of human CHMP2A, which is resistant to silencing of the murine CHMP2A ( Figure 4A ), and not affected by the caspase inhibitors qVD-oph and z-VAD ( Figure S5A ), suggesting that the death was non-apoptotic. Silencing of either RIPK3 or MLKL prevented this cell death (Figures 4B and S4A) . Similarly, silencing of CHMP4B in L929 cells caused extensive cell death ( Figure 4C ), and this was prevented by silencing of RIPK3 or MLKL ( Figures 4D and S5B) , addition of the RIPK1 inhibitor Nec-1s or ablation of MLKL (Figures 4E and 4F) . Therefore, silencing of ESCRT-III in these cells induced necroptosis. The spontaneous necroptosis in L929 cells upon silencing of CHMP4B was prevented by antibody neutralization of autocrine TNF (Figures 4G and S5C) . Silencing of human CHMP2A in HT-29 cells sensitized cells to necroptosis induced by sub-optimal concentrations of TSZ ( Figure S5D ) and permitted the induction of cell death upon addition of TNF plus z-VAD, without a need for Smac mimetic ( Figure S5E ). This cell death, inhibited by either Nec-1 s or the MLKL inhibitor necrosulfonamide (NSA) (Sun et al., 2012) , as well as MLKL ablation, was therefore likely to be necroptosis (Figures S5E and S5F) . We also observed the same effect with TSG101 silencing (Figures S5G and S5H ). We did not examine the role of CHMP4B in HT-29 cells, as unlike murine cells, human cells express an additional CHMP4A protein.
Silencing ESCRT components, including the ESCRT-III components CHMP4B, VPS4B ( Figures 4H and 4I ), or CHMP2A (Figure S6A) or the ESCRT-I components TSG101 or VPS37B, sensitized murine cells to the induction of cell death upon addition of TNF alone ( Figures 4H and 4I ), which was blocked by addition of the RIPK1 inhibitor Nec-1s ( Figure 4J ) or silencing RIPK3 ( Figure S6A ). Addition of z-VAD to ESCRT-silenced murine L929 cells induced more rapid necroptosis than that induced in control cells treated with scrambled small interfering RNA (siRNA) (Figure 4K) . Silencing of another ESCRT-III component, IST1, also showed a similar but milder effect to accelerate necroptosis (Figure S6B) . Importantly, the sensitization for cell death under conditions of necroptosis in cells in which ESCRT was silenced was not observed under conditions promoting apoptosis (Figures 4L and S6C) . This suggests that the enhanced response to TNF or TZ is not due to changes in TNF signaling in ESCRT silenced cells but rather due to a change in susceptibility to the effects of active MLKL. This was further supported by the finding that cells sensitized by silencing of CHMP2A to induction of cell death upon TNF addition ( Figure S6A ) displayed the same IkBa degradation ( Figure S6D ) and MLKL phosphorylation ( Figure S6E ) as did cells treated with scrambled siRNA. This lack of change in TNFR signaling was also observed for cells silenced for VPS37B and TSG101 ( Figure S6F ). Intriguingly, we also observed no elevation in detectable phospho-MLKL upon addition of TNF alone, despite extensive MLKL-dependent cell death (Figures S6A and S6E) . This is in contrast to the readily detectable levels of phospho-MLKL in ESCRT-silenced cells that were treated with TZ ( Figure S6E ). This suggests that the caspase-8-dependent inhibition of MLKL (Vanden Berghe et al., 2016; Weinlich et al., 2017) serves to restrict phospho-MLKL to undetectable levels, which are nevertheless sufficient to engage MLKL-dependent death of the cells when ESCRT-III activity is compromised.
To further test this idea, we examined wild-type (WT) and MLKL-deficient L929 cells in response to TNF, with or without interferon-b (IFNb), which induces increased MLKL expression ( Figure S6G ). Remarkably, we observed that treatment with TNF alone induced the formation of AnnV + bubbles that was enhanced by IFNb but did not occur in the absence of MLKL (Figure S6H) . This suggests that TNF induces sufficient activation of MLKL to engage ESCRT-III-mediated bubble formation, which prevents the MLKL-dependent cell death unless ESCRT-III is compromised. Quantification of the time span between the earliest MLKLdependent event following treatment with B/B (Ca 2+ influx, as indicated by GCaMP3 fluorescence) and the loss of plasma membrane integrity revealed that silencing of either CHMP2A or CHMP4B greatly reduced the time required for active MLKL to disrupt plasma membrane integrity ( Figure 4M (Yatim et al., 2015) or activation of MLKL (Kang et al., 2013 (Kang et al., , 2015 Lawlor et al., 2015; Wang et al., 2014b) promotes nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation and inflammasome activation, respectively. Indeed, such observations raise the question of whether it is the activation of the pathway or necroptosis itself that promotes inflammation in vivo . We examined the transcriptional profile of AnnV + , Sytox Green À NIH 3T3 cells following activation of hMLKL 1-181 -2Fv. Among the transcripts induced by active MLKL (in the absence of other signals, e.g., RIPK3, which is not expressed in NIH 3T3 cells), the chemokines CXCL10 and CXCL1 were the most prominent ( Figure 5A ; Table S1 ). We therefore reasoned that, once MLKL is activated, cells must remain alive for a sufficient period of time to permit the production of signals, such as chemokines, which suggested that the ESCRT-III-mediated delay in cell death sustains cells to allow such signaling. To test this, we examined CXCL10 and CXCL1 protein production following hMLKL -2Fv in cells with or without CHMP2A or CHMP4B. We found that cells lacking ESCRT-III function produced less of these chemokines than did control cells (Figures 5B and 5C) .
RIPK3 can promote the production of inflammatory cytokines . Activation of RIPK3-2Fv in immortalized macrophages (iMac) induced cell death that was accelerated by the silencing of CHMP2A ( Figures 5D and 5E ). Upon RIPK3 activation by B/B, these cells produced a variety of cytokines and chemokines ( Figure 5F ). Strikingly, silencing of CHMP2A reduced such cytokine production, presumably due to the acceleration of necroptosis. This was supported by the finding that the production of cytokine in response to lipopolysaccharide (LPS) was not affected by silencing of CHMP2A ( Figure 5G ). Therefore, ESCRT-III functions to delay or prevent cell death caused by MLKL sufficiently to allow signals, such as cytokines and chemokines, to manifest prior to the demise of the cell.
Cross-priming, a process critically involved in CD8 + -dependent anti-viral and anti-tumor responses, occurs when a dendritic cell engulfs a dying cell and presents associated antigenic peptides on its own class I major histocompatibility complex (MHC) molecules (Albert et al., 1998) . Necroptotic cells are potent inducers of cross-priming, but the process requires the engagement of NF-kB signaling by RIPK1 (Yatim et al., 2015) . This suggests that for cross-priming to occur following the induction of necroptosis, a sufficient time delay is necessary to allow for NF-kB-dependent production of the requisite mediators. To test this idea, CHMP2A was silenced in RIPK3-2Fv-NIH 3T3 cells expressing membrane-bound ovalbumin (OVA) (Yatim et al., 2015) before treatment with B/B and injection into C57BL/6 mice. Cross-priming of CD8 These results, taken together, suggest that the regulation of the timing of necroptosis by ESCRT-III has physiological significance as it allows the cell, as it dies, to signal surrounding cells. Figure 6D ). Time-lapse images revealed rounded, non-adherent cells that attached and regained normal morphology when the washout agent was added ( Figure 6E ). Similarly, using the Ca 2+ reporter GCaMP3, we found that the elevated Ca 2+ levels rapidly decreased to resting levels when washout agent was present (Figures S7A and S7B) . Whereas AnnV + , Sytox Green À cells following RIPK3-2Fv activation harbored phospho-MLKL (Figure 6F) , as expected (Sun et al., 2012; Wang et al., 2014a) , the washout treatment-derived AnnV (which lacks necroptotic activity but can be phosphorylated by RIPK3; Figures S7D and S7E) were also able to remove the phosphate from phospho-MLKL after the addition of the washout agents. This dephosphorylation was not prevented by inhibition of either proteasome activity or lysosomal degradation ( Figure S7E ). The recovered NIH 3T3 cells showed no difference from previously untreated (parental) cells in their response to B/B ( Figure 6G ), and thus, resuscitation did not select for a subpopulation of cells resistant to cell death. The same resuscitation also occurred in RIPK3-2Fv-expressing iMac ( Figures 6H, 6I , and S7F). These findings indicate that cells harboring active MLKL remain alive and can be resuscitated if the signaling responsible for MLKL activation is disrupted.
NSA is an inhibitor of human, but not mouse, MLKL (Sun et al., 2012) . Murine 3T3 cells expressing RIPK3-2Fv or hMLKL 1-181 -2Fv were treated with B/B, sorted for AnnV + , Sytox Green À cells, and returned to culture with washout agent or NSA. As in our previous experiments, the addition of washout promoted the appearance of AnnV À , Sytox Green À cells (resuscitation). Addition of NSA to the cells expressing hMLKL 1-181 -2Fv similarly promoted resuscitation, whereas it had no effect in the cells expressing RIPK3-2Fv ( Figures S7G and S7H) , because the latter relies on murine MLKL for necroptotic effects and NSA had no effect on the function of the active murine MLKL. Time-lapse imaging of B/B -treated hMLKL 1-181 -2Fv cells recultured in washout or NSA showed rounded cells attaching and assuming a normal morphology and, thus, resuscitation ( Figure S7I) showed that NSA promoted cell survival and growth of these cells ( Figure 6L ). Phospho-MLKL was present in TSZ-treated AnnV + , Sytox Green À HT-29 cells, but following treatment with NSA, the levels of phospho-MLKL declined ( Figure 6M ). The recovered HT-29 cells, when expanded and re-treated, showed no difference from parental cells in their response to TSZ (Figure 6N Figure S8E ).
To further explore the resuscitation phenomenon, we treated NIH 3T3 cells expressing RIPK3-2Fv with B/B and sorted AnnV + Sytox Green À cells, which were then briefly treated with washout and injected into mice, where they formed tumors to approximately the same extent as did untreated cells ( Figure 7E ). Whereas transiently silencing CHMP2A had no significant effect on the ability of the otherwise untreated cells to form tumors, it significantly decreased tumor formation in the resuscitated cells. Our findings suggest that cells can sustain a level of active phospho-MLKL, provided that some components of the ESCRT machinery are active. Therefore, conditions should exist under which this effect results in cell survival despite MLKL activation. We identified a clone of iMac cells expressing RIPK3-2Fv that showed minimal cell death upon treatment with B/B ( Figure 7F ; this clone, noted as RIPK3-2Fv-iMac*, is different from that used in Figures 5D and 5E ). Remarkably, we observed that treatment with B/B induced extensive formation of AnnV + bubbles (Figures S8F and S8G) , which suggests that ESCRT-III-mediated bubble shedding is able to prevent cell death in this clone. Consequently, silencing of CHMP2A in these cells resulted in dramatically increased susceptibility to necroptosis upon RIPK3 activation. As a consequence, B/B treatment did not prevent long-term survival and expansion of the cells unless CHMP2A was silenced ( Figure 7G ). Despite this, disruption of ESCRT in these cells had no effect on the levels of phospho-MLKL induced by RIPK3 activation ( Figure 7H ). Therefore, ESCRT-III activity can limit the ability of phospho-MLKL to kill cells, consistent with our other observations. We therefore sought evidence that this can occur in stressed tissues in vivo. Healthy human kidney tissue, obtained from living donor biopsies, immediately after excision for transplantation was stained for phospho-MLKL ( Figures 7I and 7J ). At this time point, the samples did not exhibit any positive signal for phospho-MLKL. In contrast, during the process of transplantation into the recipient, pronounced phospho-MLKL positivity developed in endothelial cells as detected in a second biopsy sample obtained within 1 hr after the transplantation process from the same kidneys now in recipients ( Figures 7I and 7J) . Importantly, these stressed cells appeared normal without any signs of cell death in all samples investigated ( Figure 7I ).
RNA sequencing (RNA-seq) analysis of biopsied tissue preversus post-transplant showed an elevation of RIPK1 and MLKL, as well as several components of the ESCRT machinery involved in the resuscitation of murine cells, including HGS, VPS37B, IST1, VPS4A, and CHMP4B ( Figure 7K ; Table S2 ). Consistent with this, we interrogated a public database of expression data of murine kidney tissues following ischemia-reperfusion injury (Liu et al., 2014; Figure S8H ; Table S2 ). Again, expression of several ESCRT components was elevated, especially in nephrons, endothelium, and macrophages. It is therefore possible that ESCRT function can sustain tissues that are otherwise susceptible to necroptosis upon stress. If so, cells with elevated expression of ESCRT components may survive preferentially. To test this idea, we returned to our resuscitation system and compared mRNA expression in MLKL-induced For all FACS quantification, data are mean of triplicate samples ± SD (**p < 0.01; unpaired Student's t test). See also Figure S8 .
AnnV + , Sytox Green À cells before and after resuscitation with the washout agent. The cells that survived this treatment displayed elevated levels of expression of a number of ESCRT components ( Figure S8I) , consistent with the idea that we had selected for cells with such elevated expression. Whereas it is unclear how stress, such as ischemia-reperfusion injury, induces expression of ESCRT components, those cells with such elevated expression appear to be more resistant to the necroptotic effects of RIPK3-induced MLKL activation.
DISCUSSION
When a cell undergoes apoptosis, PS is no longer restricted to the inner leaflet of the plasma membrane, owing to the caspasedependent activation of a phospholipid scramblase and the inactivation of a phospholipid flippase (Segawa et al., 2014; Suzuki et al., 2013) . Thus, AnnV labeling is widely used as a hallmark to label dying cells as ''apoptotic'' (Leventis and Grinstein, 2010; Martin et al., 1995) . However, we found that necroptotic cells can be stained with either AnnV or MFG-E8 prior to disruption of plasma membrane integrity, suggesting that cells undergoing necroptosis also scramble PS to the out leaflet of the plasma membrane. Three mechanisms have been described for phospholipid scrambling leading to PS exposure: Ca 2+ -mediated activation of TMEM16F (Suzuki et al., 2010) ; caspase-mediated activation of Xkr8 (Suzuki et al., 2013) ; and caspase-mediated inactivation of the ''flippase'' complex, ATP11c and CDC50a (Segawa et al., 2014) . We have found, however, that PS exposure during necroptosis proceeds independently of TMEM16F or Ca 2+ and independently of caspases. Further, PS externalization occurs within 5 min of RIPK3 and MLKL activation, making it unlikely that the effect is due to inactivation of translocases necessary for ''flipping'' PS to the inner leaflet. Given the direct association of active MLKL with the plasma membrane (Zhang et al., 2016) , it is possible MLKL itself may directly cause the scrambling of the plasma membrane to expose PS. When ESCRT-III is functional and MLKL is active, membranes with exposed PS are rapidly shed as apparently broken bubbles ( Figure 1E ). In contrast, when ESCRT function is disrupted, PS exposure upon MLKL activation manifests evenly, throughout the plasma membrane, and cells die more rapidly than when ESCRT is active. This is not due to cells with disrupted ESCRT function being ''unhealthy'' because whereas those cells died more rapidly by necroptosis, their apoptotic death was not affected (Figures 4K and 4L) . Intriguingly, disruption of ESCRT also sensitized some cells for the induction of necroptosis by TNF, without the usual requirement to inhibit caspase activity. This suggests that the action of a low level of MLKL activation by engagement of TNFR that escapes control by the action of FADD-caspase-8-FLIP (Dillon et al., 2012; Kaiser et al., 2011; Oberst et al., 2011) is normally suppressed by the repair function of ESCRT-III, such that cells survive. This was supported by our observation that TNF induced MLKL-dependent AnnV + bubbles in cells with intact ESCRT-III activity ( Figure S6H ). The alternative explanation, that disruption of ESCRT-III alters TNFR signaling to promote necroptosis, is unlikely, as TNF-induced IkBa degradation or apoptosis induced by TNF plus CHX were unaffected when ESCRT-III components were silenced, and no differences in the levels of TNF-induced phospho-MLKL were detected (Figures S6C-S6F ). This is consistent with a report (Mami nska et al., 2016) that, although ESCRT-III functions to suppress spontaneous NF-kB activation in 293 cells as a consequence of intracellular TNFR accumulation and signaling, ESCRT-III does not affect NF-kB activation by extracellular TNF addition. Whereas another report (Mahul-Mellier et al., 2008) suggested that the ESCRT components Alix and ALG-2 promote caspase-8 activity and apoptosis upon treatment with TNF, we were unable to find a role for these ESCRT components in necroptosis. Second, although the induction of necroptosis by TNF in cells in which ESCRT-III was disrupted was dependent on RIPK3 and MLKL and suppressed by the RIPK1 inhibitor, Nec-1s we observed no detectable increase in phospho-MLKL, such as that observed upon treatment with TNF plus caspase inhibitor ( Figure S6E ). Thus, silencing of ESCRT-III did not alter the level of activated phospho-MLKL upon TNF treatment but altered the response of the cell such that necroptosis ensued in an MLKL-dependent manner.
Upon induction of necroptosis, many cells may eventually die, despite the activity of ESCRT-III. This does not appear to be due to suppression of ESCRT-III but rather a simple ''over-whelming'' of the repair function. This is apparent in time-lapse images (see Movie S1), where the formation of ESCRT-dependent bubbles continued up to the moment that plasma membrane integrity was lost.
During apoptosis, PS exposure may represent a point of no return. In contrast, PS exposure during necroptosis is dependent on MLKL and does not represent an inevitable lethality for the cell; disruption of RIPK3 or MLKL function in Annexin V + cells allows a substantial percentage of cells to be resuscitated and capable of clonal growth. We observed this resuscitation in several cell lines, both human and mouse, including NIH 3T3, MEF, Jurkat, immortalized macrophages, and HT-29 cells. These data suggest that the function of ESCRT to inhibit necroptosis represents a general feature of this form of cell death. In general, we noticed that resuscitation following disruption of RIPK3 activation was less effective than that seen when active MLKL was disrupted, probably due to the continued presence of phospho-MLKL in the former. Those cells that were resuscitated following disruption of RIPK3 activity showed a loss of phospho-MLKL, possibly by the action of a yet undefined phosphatase. In addition to the ESCRT-III components CHMP2A and CHMP4B and the VPS4 proteins involved in CHMP4B disassembly, we identified several other ESCRT components that showed effects on resuscitation, sensitivity to TNF or TZ, and/or the kinetics of necroptotic cell death (summarized in Table S3 ). Whereas one of these, the ESCRT-I component TSG101, was demonstrably required for translocation of CHMP4B to the plasma membrane upon MLKL activation, the precise roles for other components in sustaining survival of cells with active MLKL are not clear. Importantly, however, whereas ESCRT has a number of functions that are important for long-term cell viability, the lethal effects of transiently silencing ESCRT in our systems (leading to either spontaneous or TNF-induced death) were consistently prevented by blockade of necroptosis by Nec-1s or co-silencing of RIPK3 or MLKL. Therefore, at least in the short term, a major function for ESCRT is protection from necroptosis.
The ability of cells to survive despite active MLKL was dependent on elevated Ca 2+ and several ESCRT components, some of which have also been implicated in the repair of light-damaged plasma membranes (Jimenez et al., 2014) . Plasma membrane repair is often initiated by an influx of Ca 2+ (Jimenez et al., 2014; Scheffer et al., 2014) . In the repair of light-induced membrane damage, ESCRT-III appears to be promoted by the interaction of Ca 2+ with the ESCRT accessory components Alix and Alg-2 (Scheffer et al., 2014) . Whereas Ca 2+ appears to also be important to engage ESCRT-III-dependent membrane repair following MLKL activation, we were unable to identify roles for these proteins in this process. Instead, we found that other ESCRT components that engage CHMP2 and CHMP4 may function in this regard, including TSG101 and possibly IST1. Intriguingly, IST1 has been reported to function with CHMP1B in membrane abscission (McCullough et al., 2015) , although we failed to identify a role for CHMP1B in survival of cells with active MLKL. This suggests that either our silencing strategy was insufficient to elucidate the role of these ESCRT components in the response to MLKL-induced membrane damage or this process may be distinct from that of other ESCRT functions.
MLKL contains a nuclear localization sequence in its C-terminal region. During necroptosis, active MLKL translocates to the nucleus (Yoon et al., 2016) , where it might influence transcription. MLKL activation also leads to Ca 2+ influx, which can also impact transcription ( Figure S4D ). Thus, it is possible that some transcriptional events may represent a signature of cells undergoing necroptosis. Indeed, we found that the oligomerization of the N-terminal region of MLKL was sufficient to trigger the transcription of several chemokines and immunoregulatory molecules (Table S1 ).
Unlike apoptosis, necroptosis is an ''immunogenic'' cell death. In our in vitro experiments, ESCRT-III delayed cell death dynamics to maximize inflammatory cytokine production ( Figures  5B-5F ). During necroptosis, RIPK1-induced NF-kB was found to be required for efficient CD8 + T cross-priming (Yatim et al., 2015) . Consistent with our in vitro findings, ESCRT-III was required for optimal cross-priming of CD8 + T cells by necroptotic cells in vivo ( Figures 5H and 5I) . It is also possible that ESCRT-III may regulate the consequence of necroptosis via the generation of bubbles released from the dying cells. The release of ESCRT-III-mediated extracellular vesicles can engage the Hedgehog pathway and T cell receptor activation in other settings (Choudhuri et al., 2014; Matusek et al., 2014) , and it is therefore possible that necroptotic cells may similarly recruit their neighboring cells to initiate a response by the release of membrane bubbles. However, we were unable to isolate these bubbles (due to contamination with cellular debris), nor could we identify cytosolic protein (soluble mCherry) within them.
ESCRT-III functions in the repair of light-induced plasma membrane damage (Jimenez et al., 2014; Scheffer et al., 2014) , multivesicular body formation, virus budding, and cytokinesis abscission (Christ et al., 2017) . Other functions include nuclear envelop reassembly in mitosis, clearance of defective assembly intermediates of the nuclear envelop pore complex, neuron pruning, and nuclear envelop rupture repair during cell migration (Christ et al., 2017) . Here, we show that ESCRT-III is also necessary for shedding of plasma membrane that has been damaged during necroptosis, thus preserving the survival of cells in which MLKL has been activated. This effect permits cells undergoing necroptosis to express proteins with functions in surrounding cells, including the process of antigen cross-presentation upon engulfment of the dying cell.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Compounds, Antibodies, and Reagents
The dimerizer (B/B) and its competitor (washout) were purchased from Clontech. The cytokines used were: mTNFa (Peprotech), mIFNb (PBL Assay Science) and hTNFa (Peprotech). The SMAC mimetic and inhibitor of IAP (LCL-161) was purchased from Chemietek. Other reagents included CHX (C7698, sigma), Q-VD-OPh (qVD, A8165, Apexbio), 7-Cl À O-Nec-1 (Nec-1 s, 504297, calbiochem), zVAD-fmk (A1902, Apexbio), MG132 (Sigma), Necrosulfonamide (NSA, calbiochem), LPS (Sigma), BAPTA-AM (Tocris) and Bafilomycin A1 (Sigma). Antibodies used for immunoblotting in this study were anti-actin (sc-1616, Santa Cruz) anti-FLAG (A8592, Sigma), anti-HA (H6908, Sigma), anti-hMLKL (M6697, Sigma), anti-mMLKL (AP14272b, Agent), anti-pMLKL (ab187091, Abcam), anti-RIPK3 (NBP1-77299, Novus), anti-ALIX (3A9, 2171S, Cell signaling Technology), anti-CHMP2B (ab33174, abcam), anti-CHMP4B (ab105767, abcam), anti-TSG101 (4A10, ab83, abcam) anti-TNF (Clone XT3.11 from BioXCell) and anti-IkBa (C-21, Santa Cruz).
Plasmids
Flag-hCHMP2A, ''humanized'' mMLKL-HA, full-length and truncated hMLKL with two Fv domains and HA tag were cloned into pMX-IRES-mCherry. Flag-MLKL was cloned into pMX-IRES-GFP. mMLKL-mCherry and hCHMP4B-mCherry was cloned into pBabe-puro. GCaMP3 was cloned into pLZRS vector. GFP-CHMP4B expressing plasmid was a gift from Dr. Paul Bieniasz (Rockefeller University). TfR-OVA expressing plasmid was a gift from Dr. Helen Beere (St. Jude Children's Research Hospital). The hCHMP4B-mCherry plasmid was a gift from Dr. Jennifer Lippincott-Schwartz (Janelia Research Campus).
Cell Lines NIH 3T3, L929, MEF and immortalized macrophages (iMac) were maintained at 37 C, 5% v/v CO2 in a humidified incubator in DMEM (GIBCO) supplemented with 10% FBS, 2 mM L-glutamine (GIBCO), 200 U/mL penicillin--streptomycin (GIBCO) and 25 mg/mL plasmocin (Invivogen). HT-29 cells were cultured using the same conditions except McCoy's 5A media (GIBCO). Jurkat cells were cultured in RPMI-1640 media (GIBCO) with the same supplements as above. All media and supplements were purchased from Life Technology. The HT-29 and Jurkat cell lines are authenticated by the University of Arizona Genetics Core. RIPK3-2Fv-NIH 3T3 cells were previously described (Yatim et al., 2015) . The hMLKL 1-181 -2Fv-NIH 3T3 and mMLKL-mCherry-
MEF
MlklÀ/À cell lines were generated by retroviral transduction and mCherry sorting. The Flag-MLKL-NIH 3T3 MlklÀ/À cell line was generated by retroviral transduction and GFP sorting. Briefly, Phoenix-ECO virus producer cells were transfected with the indicated plasmid by using Lipofectamine 2000 (Life Technologies) for 72 hr. Target cells were infected with filtered virus containing supernatants from packaging cells supplemented with 8 mg/mL polybrene. Infected cells were spun at 3,000 rpm for 90 min before put back to the incubator. Stable transductants were selected at 72 hr post infection by FACS.
The MEF (MlklÀ/À) and hMLKL 1-140 -2Fv-Venus-MEF (MlklÀ/À) cell line were described previously (Quarato et al., 2016) . NIH 3T3
(MlklÀ/À) , L929 (Mlkl-/-) and HT-29 (MlklÀ/À) cell lines were generated by CRSPR/Cas9 plasmid pSpCas9(BB)-2A-GFP (PX458). Three targeting guide RNAs were used together to target the region of the murine MLKL initiation codon. The sequences used were TTGGGACAGAT CATCAAGTT, CGGAAACAATGCCAGCGTCT and CACACTGTTCATAGATGAGC. Two targeting guide RNAs were used for targeting human MLKL. The sequences used were TAGCCAAGTAGTGAATATGC and GCATATTATCACCCTTGGCC. After transfection, GFP positive cells were collected by FACS and treated overnight with 20 ng/mL TNFa and 100 mM zVAD (murine cell lines) or 50 ng/mL TNFa, 10 mM Lcl-161 and 100 mM zVAD (HT-29). The final survivors were subjected to single cell culture and the MLKL deleted colonies were verified by western blot. The TMEM16F gene knockout mouse was obtained from Dr. Florian Winau (Boston Children's Hospital). Heterozygous male and female were crossed to obtain littermate wild-type, heterozygous, and null embryos. The mouse embryonic fibroblasts were prepared from E10.5-E11.5 embryos. The resulting primary MEFs were transformed with E1A/RAS expressing retroviruses (Quarato et al., 2016) . siRNA All of the ''on-target'' siRNA (smart-pool) were purchased from Dharmacon, except CHMP1B (smart-pool) that was obtained from QIAGEN. siRNA transfection was performed by Lipofectamin RNAiMax (Life technology) on HT-29 and NIH 3T3 cells and INTERFERin (polyplus transfection) on L929 and iMac, respectively. RNAi efficiency was assessed by realtime PCR at 60 hr post transfection or western blot at 72 hr post transfection.
Human Living Donor Kidney Samples
The human study was approved by the regional committee of ethics in Stockholm (nr 2011/1869-31/4) and adhered to the statutes of the Declaration of Helsinki. Informed consent was obtained from all subjects prior to inclusion in the study. All patients signed informed consent before renal biopsies were obtained at the Karolinska Institute, Stockholm, Sweden.
Paired human kidney biopsies (gender and age listed below) were obtained from 10 living donor kidneys during transplantation at the Karolinska University Hospital, Stockholm, Sweden, before and after the kidneys had been exposed to ischemia-reperfusion. (With a confidence interval of 20 and a population of 10 (matched pairs) and a confidence interval of 95%, the minimal sample size needed is 7 according to this calculator: http://www.surveysystem.com/sscalc.htm). The gender and ages of the ten kidney donors were M, 29.6; M, 39.0; M, 45.4; M, 46.3; M, 50.4; F, 38.1; F, 39.4; F, 43.1; F, 51.9; and F, 53.7 .
The first biopsy (baseline) was taken no later than 5 min. after removal of the kidney from the donor, and the second biopsy (ischemia-reperfusion) after 3-15 min of warm ischemia, 1-2 hr of cold ischemia, and 1 hr of reperfusion in the recipient. /2). The assessment of in vivo cross-priming of CD8 + T cells was adapted from a recent report (Yatim et al., 2015) . RIPK3-2Fv-NIH 3T3
Animal Models
(H-2 q ) cells were transfected with siRNA at 72 hr and the Tfr-ovalbumin (OVA)-expressing plasmid at 48 hr before injection into mice. Alternatively, cells were stably transduced with OVA and the plasmid transfection was skipped. B/B dimerizer was added to RIPK3-2Fv-NIH 3T3 cells (500 nM) for 25 min at 37 C. Then 10 6 cells were washed once with PBS and injected into C57BL/6 mice (equally mixed gender, 2-4 months, H-2 b ) intra-dermally (i.d.) into the flank of each mouse. 9 days later, the draining lymph nodes (inguinal lymph nodes) were harvested and stained with anti-CD8a-APC and SIINFEKL-pentamer-PE (Proimmune) before analysis with a flow cytometry FACsCalibur system (BD Biosciences). Cells with both CD8a + and SIINREKL-pentamer + were counted as cross-primed cells. Data are presented as either individual lymph nodes or individual mice, as indicated in the Figure Legends . All animals were housed in temperature-and humidity-controlled conditions on a 12 h/12 hr light/dark cycle with ad lib access to food and water in our institutional animal facility. No animals had been involved in any previous procedures before this study and all were drug or test naive. All animals were randomly assigned to experimental treatment groups. All animals in each treatment groups were included in final analysis. All experiments were done in accordance with the Guide for the Care and Use of Laboratory Animals, and the St. Jude Children's Research Hospital Animal Care and Use Committee approved all animal procedures.
METHOD DETAILS Flow Cytometric Quantification of Cell Death
All in vitro experiments assessed by flow cytometry included at least triplicate cultures for each condition (n R 3), and data shown are representative of at least two independent experiments. To assess necroptosis or apoptosis, cells were trypsinized, resuspended in serum-free DMEM and stained with Annexin V-APC (1:50, eBioscience), 50 nM SytoxGreen (invitrogen) or 2 mg/ml PI (Sigma) for 5min. Alternatively, cells were stained with Annexin V-FITC (1:50, eBioscience) or MFG-E8-FITC (1:50, Haematologic Technologies) and TO-PRO â -3 (500 nM, Molecular Probes). Cell resuscitation assay RIPK3-2Fv-NIH 3T3 cells were trypsinized and resuspended in completed DMEM culture media and stimulated with 25 nM B/B for 45 min at 37 C,gently flicking the tube every 5-10 min. Annexin V-APC (1:40, eBioscience) and 50 nM SytoxGreen (invitrogen) was added to label the cells for 2 min at room temperature, which were then sorted by Reflection (i-Cyt, SONY). The sorted Annexin V + , SytoxGreen -cells were re-plated with 25 nM B/B (B/B), complete media alone (control),or 3 mM washout ligand (washout) for 7 hr, as indicated. The cells were then re-suspended and stained again as above. Cell death was analyzed by flow cytometry, using FACScan or FACsCalibur systems (BD Biosciences) and FlowJo Collectors' Edition software (Tree Star). For hMLKL 1-181 -2Fv-NIH 3T3 cells, 50 nM B/B was used to stimulate necroptosis. The dying cells were stained and sorted as above, followed by re-plating with 25 nM B/B, complete media (control), 3 mM washout ligand, or 5 mM NSA for 6h, as indicated. Cell death was then assessed as above. For RIPK3-2Fv-iMac cells and HT-29 cells, cell death was induced before trypsinization. RIPK3-2Fv-iMac cells were treated with 25 nM B/B for 120 min. HT-29 cells were treated with 50ng/mL TNFa, 10 mM Lcl-161, and 100 mM zVAD (TSZ) for 2 hr. Then the cells were trypsinized, stained and sorted as above. The Annexin-V + SytoxGreen -RIPK3-2Fv-iMac cells were then re-cultured with 25 nM B/B, complete media (control) or 3 mM washout ligand for 7 hr, as indicated. The Annexin-V + SytoxGreen -HT-29 cells were then treated with TSZ, complete media (control) or 5 mM NSA for 7 hr, as indicated. The cell death was analyzed as above. For Jurkat cells, the cell death was induced by TSZ for 3.5 hr, after which cells were sorted, treated and analyzed as above.
Cells with
Real-time PCR
Total RNA for real-time PCR was extracted and purified using the RNeasy Mini Kit (QIAGEN). Reverse transcription reactions were performed with M-MLV reverse transcriptase (Life Technology), following the standard protocol using random hexamers (IDT). Realtime PCR was performed with SYBR Green labeling in 7500 Fast Real-Time PCR System (Applied Biosystems). PCR conditions were 50 C for 2 min, 95 C for 10 min, and 45 cycles of 95 C for 15 s and 60 C for 1 min. mRNA expression was normalized against b-actin, allowing comparison of mRNA levels. Primers used in this study are listed in Table S3 .
IncuCyte Analysis
For IncuCyte analysis, cells were first seeded into 6, 12,or 24-well plates for overnight incubation. 50 nM SytoxGreen (Molecular Probes) plus the indicated cell death stimuli were added, and the cells were moved into an IncuCyte live cell imaging system (http://www.essenbioscience.com/en/products/incucyte/?gclid=CJ7ywJynytICFd63wAodCeEALA). Cells were imaged every 1 hr and the SytoxGreen labeled cells (counted as dead cells) were quantified by the IncuCyte FLR or Zoom software (http://www. essenbioscience.com/en/products/software/). Alternatively, to measure the Ca 2+ influx, cells expressing GCaMP3 were used. For this purpose, cells were cultured with the indicated stimuli without SytoxGreen. GCaMP3 fluorescence intensity within the cells, recorded by the IncuCyte live cell imaging system, indicated the Ca 2+ influx.
When percentages are shown, total cell number was quantified at the end of each course of treatment, using 200 mg/ml digitonin (Sigma-Aldrich) to permeabilize all cells which were stained with 50 nM SytoxGreen. Data were then expressed as a percentage of SytoxGreen + cells to total cell numbers. At least two experiments were performed with four replicates for each condition.
Clonogenic Growth
Sorted AnnexinV + SytoxGreen -cells (see ''Cell resuscitation assay'') were seeded in 12 well plates with or without indicated treatment. After 10-14 days in culture, the plates were gently washed once with PBS and then stained with methylene blue solution (1% w/v methylene blue in a 50:50 methanol/water solution, methylene blue was purchased from Sigma-Aldrich.) for 30 min at room temperature. The plates were then carefully washed with dH 2 O and allowed to air dry. The plates were scanned using a document scanner and images are shown.
Confocal Microscopy
Cells were plated on 2-well or 4-well glass chamber slides (Mattek) coated with fibronectin (100 mg/mL in PBS, Millipore). Cells were maintained in complete media at 37 C and 5% CO 2 in an environmentally controlled chamber (Solent Scientific,UK). MFG-E8-FITC (Haematologic Technologies); Annexin V-Alexa Fluor-488 (Molecular Probes); Annexin V-PE (eBioscience); Annexin V-FITC (eBioscience) or Annexin V-Alexa Fluor-647 (Molecular Probes) were added into the media to label PS externalization (1:100). As indicated, DiI (50 mg /mL, Molecular Probes) was added into media for 5 min to label the plasma membrane and then removed by washing twice with complete media. Cells were then stimulated with B/B dimerizer or TSZ before confocal microscopy analysis. Cells with or without plasma membrane bubbles were manually counted.
To measure Dextran uptake, 10 kD Dextran-NH 2 -Alexa Fluor 647 (10 mg/mL, Molecular Probes) and Annexin V-Alexa Fluor-488 (molecular probes) were added to the dying cells for 5 min, then immediately fixed with 4% paraformaldehyde (Electron Microscopy Science, diluted in serum free DMEM with additional 5 mM CaCl 2 ) for 10 min at room temperature. Then the cells were washed once with serum free DMEM and examined by confocal microscopy.
To measure GFP-CHMP4B translocation, the GFP-CHMP4B plasmids were transfected into NIH 3T3 or MEF cells with Lipofectamine LTX & PLUS Reagent (Invitrogen). 24 hr post transfection, the 40% low fraction of GFP + cells were sorted and seeded onto glass chamber slides described above. The cells were analyzed by confocal microscopy the next day, upon addition of dimerizer as described above. Cells with or without GFP-CHMP4B translocation were manually counted. To measure Ca 2+ influx, the GCaMP3 probe was expressed in the indicated cell lines by retrovirus-mediated transduction. The
GCaMP3 intensity was recorded to indicate Ca 2+ influx upon treatment, as indicated Confocal microscopy was performed with a Marianas spinning disk confocal imaging system (Intelligent Imaging Innovations/3i) consisting of a CSU-22 confocal head (Yokogowa Electric Corporation, Japan); solid-state diode-pumped laser launch (3i) with wavelengths of 445 nm, 473 nm, 523 nm, 561 nm, and 658 nm; and a Carl Zeiss Axiovert 200M motorized inverted microscope equipped with a precision motorized XY stage (Carl Zeiss MicroImaging) and spherical aberration correction optics (3i). The images were analyzed with Slidebook 6.
Transmission Electron Microscopy
After B/B stimulation, NIH 3T3 cells are fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.4 before post-fixation in 2% osmium tetroxide in 0.1 M cacodylate buffer with 0.15% potassium ferrocyanide. After rinsing in buffer the tissue was dehydrated through a series of graded ethanol to propylene oxide, infiltrated and embedded in epoxy resin and polymerized at 70 C overnight. Semi-thin sections (0.5 micron) are stained with toluidine blue for light microscope examination. Ultrathin sections (80 nm) are cut and imaged using the Tecnai TF20 TEM with an AMT XR41 camera. TEM images were acquired using A FEI Tecnai 20 200KV FEG Electron Microscope.
Determination of Membrane-Bound MLKL and CHMP4B hCHMP4B-mCherry was stably expressed in RIPK3-2Fv-NIH 3T3 or hMLKL 1-140 -2Fv-Venus-MEF MlklÀ/À cells. For the MEF cells, 2 mg/mL Dox was added overnight for induction of MLKL 1-140 expression. Membrane bound MLKL and CHMP4B were measured with a digitonin based flow cytometric assay. After treatment (e.g., 100 nM B/B for 30 min), cells were permeabilized with 200 mg/mL digitonin for 5 min at room temperature. Then the cells were washed once with PBS before assessment by flow cytometry. After permeabilization, free cytosolic MLKL or CHMP4B is lost, while the membrane associated portion remains. FACS analysis was performed to determine the amount of fluorescent signal remaining after digitonin permeabilization. MFI (mean fluorescent intensity) was calculated from triplicate samples.
Cytokine and chemokine detection
Supernatants from treated cells were collected (as indicated in Figure 5 ). Cell debris was removed by centrifugation at 6,000 rpm for 1 min. Samples were diluted with the dilution buffer provided in each ELISA kit, including murine CXCL10 ELISA (eBioscience), murine CXCL1 (R & D) and murine TNFa (R & D). All experiments were performed in triplicate.
IL-1a, IL-1b, IL-6, CXCL10 and TNFa analysis was performed using the Luminex technologies (Millipore) bead-based flow cytometry technique according to the users manual. All experiments were performed in triplicate cultures.
Western Blotting
Cells were lysed with loading buffer (50 mM Tris pH = 6.8, 2%SDS and 10% glycerol) and denatured by boiling. Protein concentration was then determined by the BCA assay (Pierce) and systematically normalized before SDS-PAGE. Following the transfer of proteins to Hybond C nitrocellulose (Amersham Bioscience), immunodetection was performed using the indicated primary and peroxidase-coupled secondary antibodies (Amersham Bioscience). Proteins were visualized by enhanced chemiluminescence (ECL, Amersham Bioscience).
For p-MLKL detection in HT-29 cells, the antibody ab187091 (Abcam) was used. For p-MLKL detection in iMac cells, the antibody ab196436 (Abcam) was used. For p-MLKL detection in NIH 3T3 cells, a construct expressing a ''humanized'' mouse MLKL was retrovirally introduced. In this construct, the human MLKL sequence ''ELRKTQTSMSLGTTR'' replaced the mouse MLKL sequence ''ELSKTQNSISRTAKS.'' This ''humanized'' mouse MLKL is phosphorylated by mouse RIPK3 and is also recognized by human p-MLKL antibody ab187091 (Abcam).
Histology and Immunohistochemistry of Renal Biopsies
Biopsies were dissected as indicated in each experiment and infused with 4% neutral-buffered formaldehyde, fixed for 48 hr, dehydrated in a graded ethanol series and xylene, and finally embedded in paraffin. Paraffin sections (3-5 mm) were stained with periodic acid-Schiff reagent, according to the standard routine protocol. Immunohistochemistry for S358 pMLKL monoclonal antibody (Abcam, EPR9514) was performed according to routine protocols with dilutions of 1:500 to 1:1000. Micrographs were digitalized using an AxioCam MRm Rev. 3 FireWire camera and AxioVision Rel. 4.5 software (Zeiss). The percentage of the number of pMLKL + cells to the total number of the endothelial cells was quantified by an experienced pathologist in a double-blind manner (that is, all slides were randomized and coded, independently of individual patient sample or treatment).
RNA Extraction and Library Construction
The biopsy samples were immediately placed in RNAzol before subsequent microdissection into tubulointerstitial and glomerular fractions. Total RNA was extracted from the tubulointerstitial fraction using a QIAcube robot (QIAGEN). Quality control was performed on a Agilent Tapestation 2200 (Agilent Technologies). cDNA libraries were prepared with a Illumina TruSeq Stranded mRNA kit using Poly-A selection.
Sequencing
Clustering was done by 'cBot' and samples were sequenced on HiSeq2500 (HiSeq Control Software 2.2.58/RTA 1.18.64) with a 2x126 setup using 'HiSeq SBS Kit v4' chemistry. The Bcl to FastQ conversion was performed using bcl2fastq-1.8.4 from the CASAVA software suite. The quality scale used is Sanger / phred33 / Illumina 1.8+. Average sequencing depth was 34.4 million reads per sample.
Data Processing
Raw sequencing reads were processed to obtain counts per genes for each sample. This included: 1. FastQC/0.11.2 quality check on raw sequencing reads; 2. Trimmomatic/0.32 reads filtering for quality score and read length. Reads with average quality below 20 (within 4-base wide sliding window) and/or shorter than 36 bases were removed; 3. Star/2.4.1c was used to align the reads to the reference genome Homo_sapiens.GRCh38-dna.primary_assembly.fa using the annotation Homo_sapiens.GRCh38.83.gtf, with reference genome and annotation downloaded from http://www.ensembl.org/index.html. FeatureCounts/1.5.0 from subread/ 1.4.5 was used to count the fragments in the exon regions as defined in the Homo_sapiens.GRCh38.83.gtf file, using default parameters. Specifically, for paired-end reads, a fragment is said to overlap a feature if at least one read base is found to overlap the feature. Fragments overlapping with more than one feature and multi-mapping reads were not counted. Counts from multiple lanes were added, if applicable. Samtools/0.1.19 was used to sort and index the BAM files containing the aligned reads, e.g., for visualization in IGV genome browser. QualiMap/2.2 was used to evalaute the quality of the alignment data. MultiQC/0.3.1 was used to aggregate results from FastQC/0.11.2, star/2.4.1c and featureCounts/1.5.0 across many samples into a single report
Differential Expression
All analyses were performed under R, a programming language and software environment for statistical computing and graphics. The BiomaRt package was used to annotate Ensembl gene identifiers with chromosome name, official gene symbol and description. Low count reads were filtered by keeping reads with at least 1 read per million in at least 2 samples. The EdgeR package was used to normalize for the RNA composition by finding a set of scaling factors for the library sizes that minimize the log-fold changes between the samples for most genes, using a trimmed mean of M values (TMM) between each pair of samples. The normalized counts were used to examine the samples for outliers and relationships, using Multidimensional Scaling and heatmap based on the Pearson correlation coefficient between every sample pair The EdgeR package was used to define design matrix based on the experimental design, fitting genewise glms model and conducting likelihood ratio tests for the selected group comparisons.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests were done using Microsoft Excel and Prism. The statistical test used and p values were indicated within each figure. Generally, for comparison between two individual groups, standard Student's t test was used. For comparison of more than two groups, standard one-way ANOVA was used. The number of repeats of each experiment was indicated within each figure as well. Data are presented as means ± SD or SEM (indicated within each figure) . p values less than 0.05 were considered statistically significant.
No methods were applied to determine whether the data met assumptions of the statistical approach used. Normal distributions were assumed. No strategy for randomization and/or stratification method was applied in this study.
DATA AND SOFTWARE AVAILABILITY
The mRNA array data for B/B induced hMLKL -2Fv-NIH 3T3 cells before and after 3 mM washout resuscitation (as in Figure S7G ). (***p < 0.001, unpaired Student's t test).
